We use the ultra-deep WFC3/IR data over the HUDF and the Early Release Science WFC3/IR data over the CDF-South GOODS field to quantify the broadband spectral properties of candidate starforming galaxies at z ∼ 7. We determine the U V -continuum slope β in these galaxies, and compare the slopes with galaxies at later times to measure the evolution in β. For luminous L * z=3 galaxies, we measure a mean U V -continuum slope β of −2.0 ± 0.2, which is comparable to the β ∼ −2 derived at similar luminosities at z ∼ 5 − 6. However, for the lower luminosity 0.1L * z=3 galaxies, we measure a mean β of −3.0 ± 0.2. This is substantially bluer than is found for similar luminosity galaxies at z∼4, just 800 Myr later, and even at z∼5-6. In principle, the observed β of −3.0 can be matched by a very young, dust-free stellar population, but when nebular emission is included the expected β becomes ≥ −2.7. To produce these very blue β's (i.e., β ∼ −3), extremely low metallicities and mechanisms to reduce the red nebular emission seem to be required. For example, a large escape fraction (i.e., f esc 0.3) could minimize the contribution from this red nebular emission. If this is correct and the escape fraction in faint z ∼ 7 galaxies is 0.3, it may help to explain how galaxies reionize the universe.
INTRODUCTION
The spectral properties of high-redshift galaxies must undergo dramatic changes at some point in the past, as the metallicities in these systems drop to lower values and these systems become progressively younger. In the limit of low metallicities, gas is no longer able to cool efficiently, likely resulting in massive extremely low-metallicity (or Population III) stars whose hot atmospheres are expected to result in a very hard U Vcontinuum spectrum and strong HeII 1640 emission. However, the strong UV flux coming from hot stars is expected to be largely offset by the redder nebular continuum light produced by the ionized gas surrounding these massive stars (e.g., Schaerer 2002) .
The newly installed WFC3/IR camera on the Hubble Space Telescope permits us to observe faint z 7 galaxies 40× more efficiently than before, providing us with our most detailed look yet at the U V light and spectral properties of z 7 galaxies. Already 25 likely z∼7-8 galaxies have been identified in the early WFC3/IR data over the Hubble Ultra Deep Field (HUDF : Oesch et al. 2009b; Bouwens et al. 2009b; McLure et al. 2009; Bunker et al. 2009 ), and 20 z ∼ 7 candidate galaxies in the WFC3/IR Early Release Science (ERS) observations over the CDF-South (R.J. Bouwens et al. 2009, in prep) .
Here we take advantage of these early WFC3/IR observations to study the spectral properties of candidate z ∼ 7 galaxies. Our principal focus will be on the slope of z ∼ 7 galaxy spectra in the U V -continuum -since this slope is the primary observable we can derive from the available broadband imaging data with WFC3. The U V -continuum slope β (f λ ∝ λ β : e.g., Meurer et al. 1999) provides us with a powerful constraint on the age, metallicity, and dust content of high-redshift galaxies; it has already been the subject of much study at z ∼ 3 − 6 (Lehnert & Bremer 2003; Stanway et al. 2005; Yan et al. 2005; Bouwens et al. 2006; Hathi et al. 2008; see Bouwens et al. 2009a for a systematic study at z ∼ 2−6) and even at z ∼ 7 (Gonzalez et al. 2009 ) using NICMOS data.
Throughout this work, we quote results in terms of the luminosity L * z=3 Steidel et al. (1999) derived at z ∼ 3: M 1700,AB = −21.07. We refer to the HST F606W, F775W, F850LP, F105W, F125W, and F160W bands as V 606 , i 775 , z 850 , Y 105 , J 125 , and H 160 , respectively, for simplicity. Where necessary, we assume Ω 0 = 0.3, Ω Λ = 0.7, H 0 = 70 km/s/Mpc. All magnitudes are in the AB system (Oke & Gunn 1983) .
OBSERVATIONAL DATA
Our primary dataset is the ultra deep WFC3/IR data over the HUDF and the wide-area WFC3/IR ERS observations over the CDF-South (PI O'Connell: GO 11359). The HUDF data permit us to identify lower luminosity z ∼ 7 galaxies and quantify their properties (e.g., Oesch et al. 2009b) , while the ERS data permit us to do the same for more luminous z ∼ 7 galaxies.
For our HUDF dropout selections, we make use of the v1.0 reductions of the HUDF ACS data (Beckwith et al. 2006 ) rebinned on a 0.06 ′′ -pixel scale, and our own reduction of the HUDF09 WFC3/IR data over the HUDF (Bouwens et al. 2009b; Oesch et al. 2009b ). The optical ACS imaging over the HUDF reach to 29.4, 29.8, 29.7, and 29.0 AB mag (5σ: 0.35 ′′ -diameter apertures) in the B 435 , V 606 , i 775 , z 850 bands, respectively, while the near-IR WFC3/IR data reach to 28.8, 28.8, and 28.8 (5σ: 0.35 ′′ apertures) in the Y 105 , J 125 , and H 160 bands, respectively. The PSF FWHMs are ∼0.10 ′′ for the ACS data and ∼0.16
′′ for the WFC3/IR data. For our dropout selections over the WFC3/IR ERS fields, we make use of our own reductions of the available ACS/WFC data over the GOODS fields (Bouwens et al. 2006 (Bouwens et al. , 2007 . Our reductions reach to 28.0, 28.2, 27.5, and 27.4 in the B 435 , V 606 , i 775 , z 850 , respectively (5σ: 0.35 ′′ apertures). This is similar to the GOODS v2.0 reductions, but reach ∼0.1-0.3 mag deeper in the z 850 -band due to the inclusion of the SNe follow-up data (Riess et al. 2007 ). Our reductions of the WFC3/IR ERS data was performed using the same procedures as we used on the HUDF09 WFC3/IR data. These data reach to 27.7 and 27.4 in the J 125 and H 160 bands, respectively (5σ: 0.35 ′′ apertures).
RESULTS
3.1. Catalog Creation Our procedure for source detection and photometry is similar to that used in previous studies by our team (e.g., Bouwens et al. 2007 Bouwens et al. , 2009a and relies upon the SExtractor software (Bertin & Arnouts 1996) run in double image mode. Source detection is performed off the square root of χ 2 image (Szalay et al. 1999 : similar to a coadded image) constructed from all images redward of the Lyman break. Colors are measured in small scalable apertures with a Kron (1980) parameter of 1.2 (typically ∼0.4
′′ -diameter apertures). Fluxes measured in these small scalable apertures are then corrected (typically by ∼0.4 mag) to total magnitudes using the additional flux in a larger scalable aperture (Kron parameter of 2.5).
3.2. z ∼ 7 z-dropout selection For our lower-luminosity z ∼ 7 z-dropout selection, we use a criterion very similar that used by Oesch et al. (2009b) over the HUDF09 WFC3/IR field:
Over the ERS fields, no deep WFC3 Y 105 -band coverage is available, so we make use of the following criterion (R.J. Bouwens 2009, in prep) :
Sources are required to be undetected (< 2σ) in all bands blueward of the break (and also undetected [< 1.5σ] in no > 1 bands) to ensure that our selections are largely free of lower redshift contaminants. Sources must be detected at ≥5.5σ in the J 125 band to ensure that z ∼ 7 candidates in our sample correspond to real sources.
U V -continuum slope Measurements
The U V -continuum slopes β we estimate for sources in our z ∼ 7 z-dropout sample are derived from the broad- (J 125 + H 160 ) AB magnitudes, respectively) for individual z ∼ 7 galaxies in our HUDF09 and ERS selections. The large red squares (with 1σ error bars) represent the mean values in 1-mag bins (dotted lines). The black points correspond to the β determinations at z ∼ 4 (Bouwens et al. 2009a ). The β's for lower luminosity galaxies at z ∼ 7 (red circles) are much bluer (by ∆β of ∼1) than those derived at z ∼ 4 (a 4σ difference). (inset) The relative volumes available for selecting galaxies with various β's using our HUDF09 z-dropout criterion (see §3.4)). These volumes do not depend significantly on β, demonstrating that the blue β's observed for faint z ∼ 7 galaxies is not a selection effect. band color J 125 − H 160 as β = 4.29(J 125 − H 160 ) − 2.00
(1)
The J 125 and H 160 bands here probe rest-frame ∼1550Åand ∼1940Å, respectively, for the typical z ∼ 7 z-dropout candidate in our sample, and are not affected by Lyα emission or IGM absorption (in contrast to the Y 105 -band). The above equation is derived assuming a flat spectrum source with no absorption lines (found to work very well by Meurer et al. 1999) .
In Figure 1 , we show the β determinations for z ∼ 7 z-dropout candidates versus luminosity. Both our ultradeep HUDF09 and wide-area ERS selections are included, as are the z ∼ 4 selections from Bouwens et al. (2009a) . The trend of β with luminosity is illustrated with the large squares. The difference between z ∼ 7 and z ∼ 4 is striking.
Use of the photometry from Oesch et al. (2009b) , McLure et al. (2009 ), or Bunker et al. (2009 for our z ∼ 7 sample yield very consistent colors and similarly blue (or even bluer) β's. In addition, use of a consistent 0.7 ′′ -diameter aperture for the color measurements yield equally blue β's (albeit with larger random uncertainties, due to the use of larger apertures).
Consideration of Possible Selection Biases
The distribution of β's derived for sources in our z ∼ 7 sample can be affected by the selection process. This effect is seen in lower redshift samples, where galaxies with bluer β's have larger selection volumes than galaxies with redder β's. To determine the importance of such . Note the dramatic change in β in the ∼800 Myr from z ∼ 7 to z∼4 for lower luminosity galaxies.
effects, we constructed models with various β distributions, added galaxies with these distributions to the observational data, and then attempted to reselect these galaxies using the selection criteria in §3.2 to estimate the effective selection volume versus β. We modelled the pixel-by-pixel profiles of the sources using similar luminosity z ∼ 4 B-dropouts from the Bouwens et al. (2007) HUDF sample, but scaled in size (physical) as (1 + z)
to match the observed size-redshift relationship (Oesch et al. 2009c; Ferguson et al. 2004; Bouwens et al. 2004) .
The selection volumes derived from these simulations are shown in the inset to Figure 1 . Encouragingly, these volumes show only a modest dependence upon the input β for the range −4 < β < −1, and so selection biases are minimal.
Low-redshift Comparison Samples
To interpet the β's we derive from our z ∼ 7 z-dropout selections, we compare them with the β's found for similar luminosity galaxies at z ∼ 4 − 6. Bouwens et al. (2009a) provide determinations of these slopes as a function of luminosity at z ∼ 2 − 6. The β measurements at z ∼ 4 are also shown in Figure 1 for comparison.
We can take advantage of the very deep, high-quality WFC3/IR data to obtain self-consistent determinations of these slopes at z∼5-6. The z ∼ 5 V and z ∼ 6 idropouts over the HUDF09 and GOODS ERS data are selected in the same way as in Bouwens et al. (2007: see also Giavalisco et al. 2004; Beckwith et al. 2006) , except that at z ∼ 6 we also require galaxies to satisfy the criterion (z 850 − J 125 < 0.6). At z ∼ 5 and z ∼ 6, the β's are estimated based upon the z 850 − (Y 105 + J 125 )/2 and Y 105 − (2J 125 + H 160 )/3 colors, respectively, which are a good match in rest-frame wavelength to the J 125 − H 160 colors used to estimate β at z ∼ 7. The conversion formulas we use are β = 4.07(z 850 − (Y 105 + J 125 )/2) − 2.00 (z ∼ 5) (2) β = 3.78(Y 105 − (2J 125 + H 160 )/3) − 2.00 (z ∼ 6) (3)
In Figure 2 , we plot these β determinations as a function of redshift, for both luminous L * galaxies and lower luminosity galaxies.
z ∼ 8 Comparison Sample
Faint z ∼ 8 Y 105 -dropout candidates in the HUDF09 WFC3/IR data (Bouwens et al. 2009b ) also have very blue J 125 −H 160 colors, again suggesting β's of ∼ −3. We decided not to consider this sample here because the J 125 -band flux can be affected by Lyman series absorption and Lyα emission at z > 8.1, and hence the results would be less robust.
DISCUSSION
Before discussing the extraordinarily blue U Vcontinuum slopes β ∼ −3 found for lower luminosity galaxies at z ∼ 7, we first consider the relatively luminous L * z=3 galaxy candidates. These sources have measured β's of −2, which is similar to that observed for luminous galaxies at z ∼ 3 − 6 (Figure 2 ). Such slopes can be fit by a moderately young, subsolar (0.2 Z ⊙ ) stellar population, with a maximum E(B − V ) of ∼0.05 (Calzetti et al. 2000 extinction law: see also Bouwens et al. 2009a) .
The lower luminosity (0.1L * z=3 ) galaxy candidates at z ∼ 7, by contrast, have observed β's of −3.0 ± 0.2. This is much bluer than for luminous z ∼ 7 galaxies (by ∆β ∼ 1) and also much bluer than is found at z ∼ 5 − 6 (Figures 1-2 ). This makes these galaxies of great interest since they are likely to be even younger, more metal poor, and dust-free than any galaxies known. This is not a selection effect ( §3.4), and cannot be attributed to Lyα emission contributing to the broadband fluxes. Lyα does not move into the J 125 -band (used to estimate β) until z 8.1, and 10% of our z-dropout sample extends to z > 8.
An AGN contribution seem similarly unlikely, given the rarety of AGN signatures in faint Lyman-Break and Lyα-emitter samples (e.g., Nandra et al. 2002; Ouchi et al. 2008) .
What then is the explanation for the very blue β's? We explore several possibilities:
4.1. Standard stellar population models A first question is whether it is possible to obtain a β of ∼ −3 using standard stellar population models (e.g., Leitherer et al. 1999; Bruzual & Charlot 2003 ). The -U V -continuum slope β we would expect for z ∼ 7 galaxies as a function of age for constant star formation (CSF) models and an instantaneous burst (Schaerer 2002) . The gray band denotes the observed mean β and its uncertainty. The slopes β derived from the stellar light (dotted lines) and the stellar + nebular light (solid lines) are shown. While it is in principle possible to obtain β's of −3 with standard low metallicity (≥0.02 Z ⊙ ) models, including the nebular emission associated with hot stars make the predicted β's ≥ −2.7 and hence too red. (2003) calculated as a function of age for instantaneous burst models for different metallicities. Both the slopes β derived from the stellar light (dotted lines) and the stellar + nebular light (solid lines) are shown. The pure stellar light (dotted lines) has very blue U V -continuum slopes β's (β −3) for all the low metallicity cases considered here. Changing the IMF does not appear to change the conclusion here in any significant way. Of course, these same hot low metallicity stars also ionize the gas around them, thus producing a substantial amount of redder nebular continuum light. This makes the total SED of a galaxy much redder in general, and in the calculations by Schaerer (2003) shown here, β never becomes bluer than −3.0. answer is that it is possible, but only for very young (<5 Myr) star-forming systems (see Figure 3) . However, to do so ignores the nebular continuum emission from the ionized gas around the young stars. Including this nebular continuum emission can redden the observed β by as much as ∆β ∼0.5. Figure 3 also shows the β's predicted for several low metallicity (0.02 Z ⊙ and 0.2 Z ⊙ ) starbursts, as a function of age for the Schaerer (2002) stellar population models (which -like Starburst99 Leitherer et al. 1999 -include a nebular contribution). In the best cases, the models predict β's as blue as −2.7, which is redder than what we observe in our faint samples.
9 This would suggest that lower metallicities are needed since the standard Leitherer et al. (1999) or Bruzual & Charlot (2003) stellar population models do not produce blue enough colors to match those found in our lower luminosity z ∼ 7 sample. Of course, the significance of this result is only modest (< 1.3σ), but the similarly blue colors observed for z∼8 selections (Section 3.6) suggest that we may want to take this finding at face value.
Extremely low metallicities (≤ 10
−3 Z ⊙ )
In Figure 4 we present the β's predicted by the Schaerer (2003) stellar population models (which conveniently provide predictions at extremely low metallicities) as a function of age for instantaneous bursts assuming a metallicity of 0.5 × 10 −3 Z ⊙ , 0.5 × 10 −5 Z ⊙ , and zero (population III).
10 From the figure, it is clear that the nebular component contributes significantly to the total light output from 10 −3 Z ⊙ stellar populations. While initially somewhat red due to the nebular contribution, the predicted β's for these ultra-low metallicity models become much bluer at ages > 10 Myr, eventually reaching β's of −3. Such metallicities and ages are not necessarily unreasonable for lower luminosity galaxies at z ∼ 7, and therefore at least one possible explanation for the very blue β's in our selections is that the metallicities for galaxies in our sample may be 10 −3 Z ⊙ . The above explanation may explain some of the very blue galaxies in our selection, but given that β ∼ −3 only for a limited period (10-30 Myr after a burst), it seems unlikely to be the general explanation (unless updated models revise the theoretical SEDs).
4.3. Top-heavy IMF One seemingly attractive explanation for the very blue β's observed is through a top-heavy IMF, since galaxy stellar populations would be weighted towards massive, blue stars. The difficulty with this explanation is that these same massive stars are extraordinarily efficient at ionizing the gas around them -resulting in substantial nebular emission and leaving the galaxy with a net β no bluer (and likely redder) than the young (<1 Myr) bursts shown in Figures 3-4 (see also discussion in Leitherer & Heckman 1995) .
9 To match the wavelength baseline for β measured here, we added −0.1 to the β's (1300-1800Åbaseline) tabulated in the Schaerer (2002 Schaerer ( , 2003 .
10 The use of instantaneous burst models allows us to explore the most extreme cases. Other models (τ , inverse τ , CSF) produce comparable β's. (2003) stellar population models (including nebular emission) for metallicities of < 10 −3 Z ⊙ . Galaxies are assumed to be observed at some random point during their star formation histories and to experience instantaneous bursts of star formation every 10-40 Myr (the dashed, solid, and dotted lines give the average β for the first 10, 20, and 40 Myr, respectively, of the instantaneous burst). For fesc = 1, all of the ionizing radiation from a galaxy escapes into the IGM and hence does not contribute to ionizing the gas within a galaxy (and hence the contribution from nebular continuum emission to the total light is minimal). On the other hand, for fesc ∼ 0 (preferred in some simulations: e.g., Gnedin et al. 2008) , the ionizing radiation from the hot stars does not make it out of galaxies -resulting in substantial nebular continuum emission (see Figure 4) and hence a much redder β. Perhaps the very blue β's observed (shaded gray region) could indicate that the escape fraction is larger at fesc 0.3 than what has commonly been considered? 4.4. Minimizing nebular emission A significant obstacle to matching the very blue β's observed is the red nebular emission associated with hot, ionizing stars. The nebular contribution could be reduced in a number of ways, by changes to the ionization parameter, metallicity, geometry, etc. Assessing the impact of such changes would benefit from further detailed modelling. However, we should emphasize that regardless of changes to the nebular contribution very low metallicity models (or very young ages) appear to be needed to match the very blue β's observed.
Changes in Escape Fraction?
One possibility that we have explored to reduce the nebular emission contribution is if the ionizing radiation leaks directly into the IGM (e.g., due to the effect of SNe on the galaxies' ISM, possibly from a top-heavy IMF: Trenti & Shull 2009) . We consider such a possibility schematically in Figure 5 , showing the time-averaged β's expected for stellar populations of various metallicities as a function of the escape fraction f esc of ionizing photons into the IGM. For f esc of unity, we simply recover the β's from the pure stellar SEDs and for f esc of zero, we recover the stellar + nebular SEDs. For fractional f esc , we interpolate between the two extremes. The time-averaged β's used for Figure 5 is based upon those presented in Figure 4 .
Comparing the predicted β's with that observed (greyshaded region: Figure 5) , we see that f esc 0.3 would permit us to easily match the observations. Such an escape fraction is signicantly higher than the ∼10% frequently assumed in calculations assessing the sufficiency of galaxies to reionize the universe. Since most of the luminosity density at z > 7 comes from low luminosity galaxies, the estimated number of ionizing photons in the z > 7 universe could increase by factors of 3. Such a large change could provide the needed photons to reionize the universe, providing a resolution to the current debate (e.g., Bouwens et al. 2008; Oesch et al. 2009a Oesch et al. , 2009b McLure et al. 2009; Bunker et al. 2009; Gonzalez et al. 2009; Ouchi et al. 2009; Pawlik et al. 2009 ).
SUMMARY
The strikingly blue UV-continum slopes β's seen at lower luminosities in candidate z ∼ 7 galaxies (also apparent in the Bouwens et al. 2009b z ∼ 8 sample) indicate that we are now beginning to explore a regime where the nature of galaxies and their stellar populations are undergoing a dramatic change. These results raise many as yet unanswered questions, but could be heralding the transition from the first stars and youngest objects within the first 400 Myr at z 10 to the galaxies that dominate the universe for the next 2 Gyr and provide clues as to the source of photons that reionize the universe.
